Abstract Cardiac muscle adapts to hemodynamic stress by altering myocyte size and function, resulting in cardiac hypertrophy. Alteration in myocyte calcium homeostasis is known to be an initial signal in cardiac hypertrophy signaling. Transient receptor potential melastatin 4 protein (TRPM4) is a calcium-activated non-selective cation channel, which plays a role in regulating calcium influx and calcium-dependent cell functions in many cell types including cardiomyocytes. Selective deletion of TRPM4 from the heart muscle in mice resulted in an increased hypertrophic growth after chronic angiotensin (AngII) treatment, compared to WT mice. The enhanced hypertrophic response was also traceable by the increased expression of hypertrophy-related genes like Rcan1, ANP, and a-Actin. Intracellular calcium measurements on isolated ventricular myocytes showed significantly increased storeoperated calcium entry upon AngII treatment in myocytes lacking the TRPM4 channel. Elevated intracellular calcium is a key factor in the development of pathological cardiac hypertrophy, leading to the activation of intracellular signaling pathways. In agreement with this, we observed significantly higher Rcan1 mRNA level, calcineurin enzyme activity and protein level in lysates from TRPM4-deficient mice heart compared to WT after AngII treatment. Collectively, these observations are consistent with a model in which TRPM4 is a regulator of calcium homeostasis in cardiomyocytes after AngII stimulation. TRPM4 contributes to the regulation of driving force for store-operated calcium entry and thereby the activation of the calcineurin-NFAT pathway and the development of pathological hypertrophy.
Introduction
Cardiac hypertrophy is characterized by an increase in heart mass and associated changes in the shape of the left ventricle [13] . The defining signs of pathological cardiac hypertrophy are an increase in cardiomyocyte size, enhanced protein synthesis, and an increase in cardiac fibroblast proliferation [9] . Pathological hypertrophy can be triggered by humoral stimuli such as angiotensin II, or conditions such as hypertension, valvular dysfunction and myocardial infarction [8] . In general, hypertrophic growth is considered as an adaptive response to pathological stimuli, to preserve pump function of the heart. However, prolonged hypertrophy is associated with a significant increase in the risk for sudden death or progression to heart failure. In the past decades, many intracellular signaling pathways have been shown to be Electronic supplementary material The online version of this article (doi:10.1007/s00395-015-0501-x) contains supplementary material, which is available to authorized users.
involved in hypertrophic response including MAPK, calcineurin-NFAT, CaMKII-HDAC, PKC alpha, ERKs and JNKs [14] . Although signal-transduction pathways are inherently complex and abundant, one of the most common initial events in the onset of hypertrophy is an alteration in Ca 2? homeostasis. Elevated systolic and/or diastolic [Ca 2? ] i can activate intracellular cascades leading to hypertrophic growth. Obviously, cardiomyocytes exhibit dramatic fluctuations of [Ca 2? ] i during the cardiac cycle, making it difficult to explain how Ca 2? -activated signaling proteins function. One possibility is the presence of specialized pools of Ca 2? which are spatially separated from the bulk Ca 2?
. However, the source of this subcellular Ca 2? still remains doubtful. Growing evidence points to voltage-gated Ca 2? channels, i.e., L-type, T-type [3, 23] , as well as TRPC channels [10, 33] as the source of this Ca 2? . In addition, recent studies also suggested store-operated calcium entry (SOCE) as an important mechanism in cardiac hypertrophy signaling [15, 16, 32] .
The transient receptor potential (TRP) superfamily of ion channels forms a large and diverse family of cation channels related to the product of the trp gene in Drosophila. In the heart, the presence of several TRPs has been reported, including TRPC1, TRPC3-7, TRPV1, TRPV2, TRPV4, TRPM4, TRPM6 and TRPP2 [19] . TRPM4, a member of the TRPM subfamily, is a calcium-activated non-selective cation channel. The channel is equally permeable to Na ? and K ? , but impermeable to Ca 2? . The calcium sensitivity can be modulated by protein kinase C (PKC)-mediated phosphorylation, cellular PIP 2 levels and by membrane depolarization [31] . In humans and also in rodents, TRPM4 has been detected both in atria and ventricles [39] , and also in vascular endothelium and smooth muscle [7] . Recently, we have shown that TRPM4 channel activity can regulate cardiac contractility in the mouse heart. The lack of the channel results in shortening of action potential duration and an increased Ca 2? current via voltage-gated Ca 2? channels, which becomes even more prominent during beta-adrenergic stimulation in ventricular myocytes [24, 36] , and which is especially relevant during heart failure [20] . A role for TRPM4 has been suggested in several physiological and pathological processes in the cardiovascular system [22] . TRPM4 is overexpressed in the hypertrophied hearts of spontaneously hypertensive rats, but the physiological function of TRPM4 in this process is unclear [5] . Recently, mutations in the TRPM4 gene, which are associated with Brugada syndrome, long QT syndrome and cardiac conduction defects, such as Progressive familiar heart block type I [21, 26, 34] , have been reported. Also, it was shown that TRPM4-deficient mice display moderate hypertension, which is a result of the increased level of catecholamines in blood plasma of TRPM4-deficient mice compared to WT [25] .
In the current study, we show that TRPM4 fine-tunes the amount of Ca 2? entry via store-operated Ca 2? channels into cardiomyocytes after chronic AngII stimulation, thereby determining the degree of calcineurin-NFAT activation, which is a signaling cascade that is both sufficient and required for the hypertrophic response [28] .
Results

Generation of cardiac-specific TRPM4 knockout mouse
Considering that hypertension and increased plasma catecholamine levels, which can influence the tendency to develop hypertrophy, were recently reported in global TRPM4-deficient mice [25] , we have generated a cardiacspecific TRPM4 knockout mouse line (Trpm4 cKO ), through crossbreeding of Trpm4 flox mice with MLC2a-Cre mice [40] (Fig. 1a) . This results in cardiac-specific deletion of exon 15 and 16 from the Trpm4 gene, which encode for the first transmembrane domain of the TRPM4 protein [37] . Western blotting confirmed deletion of the TRPM4 protein from the heart of Trpm4 cKO mice (Fig. 1b) . To compare blood pressure in awake, freely moving WT and Trpm4 cKO mice, we implanted telemetric devices. Blood pressure and heart rate as measured over the course of 2 weeks after transmitter implantation were essentially identical in Trpm4 cKO mice and MLC2a-Cre-negative Trpm4 flox/-mice (Supplementary Figure 1) .
TRPM4 deficiency in myocytes causes increased cardiac hypertrophy after chronic angiotensin treatment
In previous studies, we have shown by different approaches that TRPM4 protein is expressed in mouse heart, both in ventricles and atria, but absent in TRPM4 knockout mice [25] . Western blot analysis showed clear expression in hearts of WT and Cre -Trpm4 flox/-mice, but TRPM4 was absent in the heart of Cre ? Trpm4 flox/-mice (Trpm4 cKO , Fig. 1b) . To evaluate the effect of TRPM4 on the development of cardiac hypertrophy, we performed chronic angiotensin II (AngII) infusion in WT and Trpm4 cKO mice. AngII is a widely used drug to induce cardiac hypertrophy experimentally [27, 38] . We have used mini-osmotic pumps, implanted under the back skin, to deliver 3 mg/kg/day AngII during 2 weeks. As a negative control, we implanted pumps filled with saline in both genotypes. To analyze the hypertrophic effect of AngII, at the end of the experiment, the heart weight:body weight (HW/BW) and heart weight:tibial length (HW/TL) ratios were compared. In the saline-treated groups, no differences were observed between WT and Trpm4 cKO mice. However, in the AngII-treated groups, Trpm4 cKO mice displayed a significant increase in HW/BW and HW/TL ratios, compared to WT mice (Fig. 2a, b) . To test age-related spontaneous development of hypertrophy in Trpm4 cKO and WT mice, we measured HW/BW and HW/TL ratios in *1-year-old mice. We detected no difference in heart weight or in body weight between the two genotypes (Fig. 2c) . To test whether the presence of the Cre recombinase in the Trpm4 cKO mice has any effect on the AngII-induced hypertrophic response, we performed AngII infusion experiments on Cre-positive and Cre-negative Trpm4 ?/? mice. As shown in Supplementary  Figure 2 , the presence of Cre recombinase had no significant effect on HW/BW and HW/TL ratios after AngII treatment in our experimental conditions. Finally, we tested whether the AngII treatment had any effect on TRPM4 expression on the WT heart. To this end, we performed TRPM4-specific qPCR and Western blot (Fig. 2d, e) , which showed no difference in the amount of TRPM4 mRNA or protein level between control and AngII-treated WT mice.
Histological analysis of hypertrophied hearts from WT and Trpm4 cKO mice
To further evaluate the hypertrophic response, we performed histological analysis of the cardiac muscle form saline-and AngII-treated mice. Representative pictures from each group are shown in Fig. 3a . The level of cardiac fibrosis was determined with Masson's trichrome staining. Fibrosis was obvious in the hearts after AngII application (Fig. 3b ), but we did not observe differences between the genotypes (Supplementary Figure 3) . Instead, the cross-sectional area of WT and Trpm4 cKO myocytes were 193.2 ± 14 and 271.4 ± 12 lm 2 , respectively, after AngII treatment (n = 150 cells from 3 mice for each genotype, p \ 0.05; Fig. 3c ).
Expression of hypertrophy marker genes
To further investigate the altered hypertrophic response in Trpm4 cKO mice, we performed qPCR experiments to evaluate the expression level of known cardiac hypertrophy ''marker'' genes, i.e., a-actin, myosin heavy chain beta (MYH7), atrial natriuretic peptide (ANP), Rcan1 (a negative regulator of calcineurin of which the transcription is highly dependent on calcineurin-NFAT activation) and the a1H subunit of voltage-gated T-type Ca 2? channel (CACNA1H), which is also known to be re-expressed upon cardiac hypertrophy [3] . All these markers showed upregulation after AngII treatment (Supplementary Figure 4) , but a specific stronger upregulation of a-actin, ANP and Rcan1 was observed in Trpm4 cKO compared to WT (Fig. 3d) . 
TRPM4 deficiency increases the hypertrophic response to AngII of cultured neonatal myocytes
AngII application can have at least two distinct effects on the cardiovascular system, vasoconstriction and subsequent blood pressure elevation, and a direct effect on cardiomyocytes via Ang II receptor type 1 (AT1R). To investigate the direct cellular effect of AngII, we used mouse neonatal ventricular myocytes. Cells were isolated from 1-to 2-day-old pups. The second day after isolation, the culture medium was switched to serum-free medium supplemented with 1 lmol/L AngII. After 2 days incubation with AngII, the cell size was determined. Since neonatal myocytes can have a different gene expression profile compared to adult myocytes, we first tested whether TRPM4 is expressed in WT neonatal cells. Western blotting experiments showed a clear expression of TRPM4 protein in WT and a complete absence in Trpm4 -/-neonatal hearts (Fig. 4a ). Similar to our in vivo findings, there was no significant difference between WT and TRPM4 -deficient cells in surface area under basal condition. However, after 2 days of AngII treatment, the surface area of the WT cells was 445.6 ± 17 lm 2 compared to 564.2 ± 14 lm 2 in case of TRPM4 -deficient cells (50-70 cells from 3 independent preparations for each group, p \ 0.01) (Fig. 4b) . -/-cells displayed a more pronounced response upon AngII application (Fig. 5a, b) . Analyzing the individual Ca 2? transients during AngII application, the increase of the peak values in WT and Trpm4 -/-myocytes was 4.8 ± 0.9 and 18.1 ± 5.1 %, respectively (n = 15-17 for each group, p \ 0.05). Similar differences were found when analyzing the area under curve (AUC) of transients: the mean AngII-induced increase was 0.9 ± 0.6 % in WT and 13.6 ± 3.8 % in Trpm4 -/-myocytes (n = 15-17 for each group, p \ 0.05). However, the time constant of the decaying phase was not different between genotypes, suggesting that the Ca 2? extrusion mechanisms are unchanged in the Trpm4 -/-myocytes (Fig. 5c ). re-addition, we found a significantly higher increase in the AUC in Trpm4 -/-myocytes compared to WT (Fig. 6b) . This indicates that AngII-mediated SOCE is increased in Trpm4 -/-myocytes. adult ventricular myocytes during store depletion Based on our SOCE experiments, we hypothesized that during AngII application, the release of Ca 2? from IP 3 -sensitive stores can activate TRPM4, and the depolarizing current via the channel can reduce the driving force for Ca 2? entry via SOCE channels, similar to the case in mast cells [37] . This hypothesis also suggests that TRPM4 activation during the store depletion might lead to moderate depolarization of the resting membrane potential. To test this, we performed membrane potential measurement during the above-discussed Ca 2? re-addition protocol, using the perforated patch technique (Fig. 6c) . In WT myocytes, we observed a significant 7.3 mV membrane depolarization during the store depletion. In contrast, no significant depolarization was measured in Trpm4 -/-myocytes ( Fig. 6d) (WT: n = 13; Trpm4 -/-: n = 14, p \ 0.001). In these experiments, we never observed depolarization beyond -60 mV, allowing us to exclude a significant contribution of L-type Ca re-addition, when the membrane potential of the myocytes is clamped at -75 mV (WT: n = 8, Trpm4 -/-: n = 9) (mean ± SEM in all panels; *p \ 0.05; ***p \ 0.001, myocytes were isolated from 3 animals for each group) clamping the membrane potential at -75 mV. Under this condition, we no longer observed a difference in the rise in [Ca 2? ] i between WT and Trpm4 -/-myocytes during the Ca 2? re-addition phase (Fig. 6e) .
Increased calcineurin phosphatase activity in hearts of Trpm4 cKO
To further investigate the mechanisms behind the altered hypertrophic response in Trpm4 cKO mice, calcineurin enzyme activity was measured. Previously, we have seen increased expression of Rcan1, an endogenous reporter of calcineurin-NFAT activity, in AngII-treated Trpm4 cKO animals ( Fig. 3d) , which is most likely the result of the enhanced activation of calcineurin [42] . It has been shown previously that the calcium-activated phosphatase calcineurin is both necessary and sufficient to induce cardiac hypertrophy and that both its protein expression and phosphatase activity are increased in response to hypertrophic stimuli [28, 35] . To test calcineurin activity directly, we performed a calcineurin enzyme activity assay. We observed a significant increase in calcineurin activity in the hearts of AngII-treated animals and this increase was even higher in Trpm4 cKO animals (n = 10 for each group, p \ 0.05) (Fig. 7a) . However in sham-treated animals, total phosphatase activity was not significantly different between WT and Trpm4 cKO samples ( Supplementary Figure 6) . To further investigate calcineurin activity, we performed calcineurin-specific Western blot analysis on the same hearts. In line with the increased phosphatase activity, we observed *1.6 times more protein in WT AngIItreated and *2.4 times more in Trpm4 cKO AngII-treated animals, whereas there was no significant difference in calcineurin protein level between the genotypes after sham treatment (Fig. 7b) . These results suggest that higher SOCE in AngII-treated Trpm4 cKO myocytes leads to an enhanced calcineurin signaling and to a stronger hypertrophic response.
Discussion
In this study, we demonstrated the effect of the calciumactivated non-selective cation channel TRPM4 on the development of cardiac hypertrophy upon chronic AngII infusion. In our experiments, mice lacking the channel exclusively in the heart were more sensitive to hypertrophic stimulus than WT mice. They displayed a significantly increased heart mass and myocyte cross-sectional area after 2 weeks of chronic AngII treatment. Furthermore, they showed a stronger re-activation of the fetal gene program than WT-treated mice. The increased sensitivity to AngII treatment was also present in vitro in cultured neonatal cardiac myocytes. Finally, we provide evidence that the increased response to AngII treatment was due to the lack of a TRPM4-dependent membrane depolarization leading to increased Ca 2? influx via store-operated Ca 2? channels. The increased Ca 2? influx most likely explains the enhanced activation of the calcineurin-NFAT pathway in Trpm4 cKO myocytes. AngII is considered as a hypertrophic agent on myocytes since the first description on embryonic chicken cells [1] and later on other species. AngII not only increases blood pressure, through its constrictive effect on the vasculature, but also promotes growth and hypertrophy of cardiac tissue independent of hypertension through the Ang II receptor [29] . On the other hand, apart from Ca 2? release, AngII receptor activation will also induce Ca 2? influx, via store-operated Ca 2? channels, which might involve TRPC channels [10, 33] and/or STIM/ORAI channel complexes [15, 32] . It is increasingly recognized that SOCE is present in cardiomyocytes and serves as an important mechanism in hypertrophy signaling [4] . The presence of SOCE on myocytes has been shown already many years ago [16] . Several publications demonstrated that upon store depletion, SOCE facilitates the influx of Ca 2? from the extracellular space to refill intracellular stores, while the resulting increase in intracellular Ca 2? concentration also regulates hypertrophy pathways, such as the calcineurin/NFAT cascade [15, 30, 32, 41] .
TRPM4 has been described as a regulator of Ca 2? influx and Ca 2?
-dependent cell functions in many cell types, including ventricular cardiac myocytes [24, 25, 37] . We have previously shown that TRPM4 proteins are determinants of the inotropic effects of b-adrenergic stimulation by modulating I CaL activity. Moreover, it has been shown that in mast cells TRPM4 is a regulator of Ca 2? influx via SOCE channels upon depletion of intracellular Ca 2? stores. Since SOCE plays a key role in cardiomyocyte hypertrophy, and TRPM4 is functionally present in mouse ventricular myocytes, we hypothesized that TRPM4 might also regulate the driving force for Ca 2? entry during hypertrophic stimulus and therefore could regulate cardiomyocyte hypertrophy signaling.
One major pitfall in research dealing with TRPM4 physiology is the lack of specific inhibitors. 9-Phenantrol has received a lot of attention recently as a TRPM4 antagonist, but it has to be mentioned that the selectivity of this compound on TRPM4 is doubtful. It has been shown recently that 9-phenantrol also activates calcium-activated potassium channels and blocks calcium-activated chloride channels, which limits its usefulness in experiments using primary cells and living animals [2, 11] . To investigate our hypothesis, we generated cardiac-specific Trpm4 -/-mice (Trpm4   cKO   ) . Notably, Trpm4 cKO mice do not display hypertension, as was described previously in global Trpm4
-/-mice [25] . Using the Trpm4 cKO line, we observed increased heart size after 2 weeks of AngII infusion and also increased myocyte size in histological sections compared to WT. No differences were observed in the saline-treated groups. It was described recently that the global Trpm4 -/-mice display increased HW/BW ratios even without hypertrophic treatment as a result of hyperplasia, but we did not observe this in cardiac-specific Trpm4 cKO mice [6] .
Masson trichrome staining showed increased fibrosis after AngII treatment, but this was not different between WT and Trpm4 cKO , suggesting that the fibroblast function is not altered by the TRPM4 deletion. We have also found significant increases in the expression levels of several hypertrophy-related genes after AngII treatment in both genotypes, and in case of a-actin, ANP and Rcan1 this increase was significantly higher in Trpm4 cKO mice. ANP and a-actin are commonly upregulated in case of cardiac hypertrophy; however, Rcan1 is a reporter of calcineurin-NFAT activation, a well described pathway in cardiac hypertrophy. Since the first description in myocytes, this pathway has been shown several times to be necessary and sufficient for the induction of cardiac hypertrophy [28] .
Another profound change in Trpm4 -/-myocytes was the altered Ca 2? handling during AngII application. As shown before, application of AngII to adult ventricular myocytes had very little effect on calcium transients in case of WT myocytes [18] . However, Trpm4
-/-myocytes responded to AngII application with a significant increase in terms of the amplitude and the AUC of the Ca 2? transients. This observation suggests that TRPM4 deletion has an effect on AngII receptormediated [Ca 2? ] i elevation. In our previous work, we performed a whole-genome mRNA transcript analysis in WT and Trpm4 -/-heart tissue where we found now major up-or downregulation of any genes involved in AngII receptor signaling [24] . However, it has been shown that AngII application can also induce [Ca 2? ] i elevation via SOCE channels [30] . Considering that TRPM4 regulates the driving force for SOCE in other cell types, we performed Ca 2? re-addition experiments as described earlier [16] to assess directly the magnitude of SOCE in WT and Trpm4 -/-myocytes. We observed increased [Ca ] i in Trpm4 -/-myocytes after store depletion by AngII compared to WT cells, which is in line with previous observations in mast cells [37] . As was published before, not every myocyte displays SOCE in this type of assay. The ratio of responding/non-responding myocytes in WT was in line with previously published data. However, the number of responding myocytes was significantly higher in Trpm4 -/-mice and is similar to the response rate of myocytes from hypertrophied hearts [17, 41] .
Why do Trpm4 -/-myocytes display increased store-operated Ca 2? influx during AngII application? It is well known that TRPM4 activation by high [Ca 2? ] i leads to an inward current and the subsequent depolarization can limit the driving force for calcium ions via voltage and non-voltage-gated calcium channels. This has been shown in different cell types including mast cells and cardiac myocytes [24, 37] . Furthermore, Earley and coworkers showed that release of Ca 2? from IP 3 -sensitive internal stores can specifically activate TRPM4 and generate a sustained inward current in cerebral smooth muscle cells [12] . Taken together, our data are consistent with the hypothesis that AngII application in cardiac myocytes leads to Ca 2? release from IP 3 -sensitive stores, which activates TRPM4, concomitantly with opening of SOCE channels (Supplementary Figure 7) . The depolarizing TRPM4 current then limits the driving force for Ca 2? entry via the SOCE channels. Consistent with this, when we clamped the membrane potential at -75 mV in myocytes from both genotypes the differences in [Ca 2? ] i after Ca 2? readdition was no longer present, suggesting that the original difference was mediated by a TRPM4-dependent membrane depolarization.
Several recent studies showed that Ca 2? entry through SOCE channels can activate the calcineurin-NFAT pathway and cause pathological cardiac hypertrophy [16, 30, 32, 41] . Calcineurin is a calcium-dependent phosphatase which, upon activation, dephosphorylates NFAT and promotes its translocation to the nucleus. The activated NFAT initiates the expression of hypertrophy-related genes, including Rcan1. Based on our model, we would expect increased calcineurin-NFAT activation, in line with the observed increased SOCE in Trpm4 -/-myocytes. Indeed, in mRNA expression experiments, we observed increased Rcan1 upregulation in Trpm4 cKO hearts, which is an indicator of the activation of calcineurin-NFAT pathway [42] . To study calcineurin signaling in these hearts, we assessed calcineurin-dependent phosphatase activity and calcineurin expression. It was described previously that the amount of calcineurin protein and subsequently phosphatase activity is enhanced in response to hypertrophic stimuli [35] . Consistent with this, we observed increased enzyme activity in WT hearts treated with AngII, and this increase was more prominent in Trpm4 cKO mice. We observed similar results in terms of the amount of protein, which was increased *1.6 times in WT and *2.5 times in Trpm4 cKO animals after AngII infusion. In sham-treated animals, no difference was apparent between both genotypes.
Taken together, our data describe the role of TRPM4 in the development of AngII-induced pathological cardiac hypertrophy. TRPM4, as a Ca 2? -activated non-selective cation channel negatively modulates the intracellular Ca signaling induced by AngII, by limiting the driving force for Ca 2? influx via SOCE channels. Therefore, it can fine-tune the amount of calcium activating the calcineurin-NFAT pathway, regulating pathological cardiac hypertrophy.
Materials and methods
Mice
To obtain cardiac-specific Trpm4 knockout mice, Trpm4 L3F2 mice (see Fig. 1 ) were crossed with EIIa-Cre mice (obtained from the Jackson Laboratory). From the offspring, Trpm4 flox mice were selected for further breeding. Subsequently, Trpm4 flox mice were crossed with MLC2a-Cre mice, which resulted in cardiac-specific deletion of exon 15 and 16 of the TRPM4 gene, which encode the first transmembrane domain of the TRPM4 protein. Western blotting confirmed deletion of the protein from the heart (see Fig. 1 in the main text). Mice were routinely genotyped using PCR. For more details on the targeting strategy, see [40] . Experiments were performed on 3-to 6-month-old male C57BL/6 N mice and ageand sex-matched Trpm4 -/-or cardiac-specific Trpm4 knockout (Trpm4 cKO ) mice. Mice were housed with a 12-h light/12-h dark cycle and allowed water and standard food ad libitum. All animal experiments were performed according to the Guide for the Care and Use of Laboratory Animals (8th edition, National Research Council, USA, 2011) and were approved by the local ethics committee. All mention of Trpm4 cKO in this paper refers to cardiac-specific Trpm4 knockout mice.
Adult ventricular cardiomyocytes isolation
8-to 12-week-old mice were heparinized and killed by intraperitoneal injection of pentobarbital (Nembutal, CEVA). The hearts were removed and perfused retrograde for 2 min through the aorta with a Langendorff apparatus at 37°C with oxygen-saturated nominally calcium-free solution containing (in mmol/L): 117 NaCl, 4 KCl, 1 KH 2 PO 4 , 4 NaHCO 3 , 1.7 MgCl 2 , 10 HEPES, and 10 glucose (pH 7.4). This step was followed by 4-6 min of perfusion with digestion solution [as above, but supplemented with 1 mg/ ml collagenase B (Worthington)]. Subsequently, the heart was removed from the setup, atria were discarded and ventricular muscle was minced in collagenase solution (see above). The suspension was filtered through a nylon filter, and cells were centrifuged at 5009g for 2 min. The supernatant was discarded and the myocytes were resuspended in the first solution, but supplemented with 1 mmol/L CaCl 2 . Calcium-tolerant, rod-shaped myocytes with clear striations were used for measurements on the day of the isolation. 
SOCE measurement
For store-operated calcium entry measurement, myocytes were handled as above. Myocytes were treated with 1 lmol/L AngII and 5 lmol/L thapsigargin for 5-6 min in nominally Ca 2? -free buffer to deplete SR stores. Myocytes were then perfused with high Ca 2? (2.5 mmol/L), in the continuous presence of thapsigargin and AngII, and store-operated entry was measured as an increase in Fluo-4 fluorescence. For the measurement of the resting membrane potential during SOCE experiment, perforated patch technique was used in current clamp mode. In these experiments the pipette solution contained (in mmol/L) 10 KCl, 10 NaCl, 70 K 2 SO 4 , 1 MgCl 2 10 Hepes and 240 lg/ml amphotericin B, pH 7.3.
Surgical modeling and physiological analysis
8-to 12-week-old mice were anesthetized with isoflurane. Mini-osmotic pumps (Alzet, model: 1002) filled with 3 mg/kg/day Ang II (Calbiochem) or with saline were implanted subcutaneously. Two weeks after the operation, animals were killed by cervical dislocation, hearts were removed, cleaned from fat tissue and big vessels, washed in PBS and weighed. Subsequently, the left tibia was dissected and the length of the bone was measured.
Isolation of neonatal cardiac myocytes
Neonatal mice (1-to 2-day-old) were used for isolation. Hearts were removed aseptically; atria and big vessels were discarded. The ventricles were cut into small pieces and digested in 0.25 % trypsin for 15 min at 37°C. Subsequently, supernatants were removed and mixed with an equal volume of HBSS with Ca 2? and Mg 2? . This step was repeated four to five times until the hearts were completely digested. The cells were then cultured in DMEM supplemented with 20 % FBS for 2-3 h, allowing the attachment of non-myocytes. Later, the cells in the supernatant were used and cultured in DMEM supplemented with 20 % FBS. After 1 day, the medium was changed to DMEM without FBS and supplemented with 1 lM AngII for 48 h.
Calcineurin phosphatase activity assay
Tissue samples from freshly isolated hearts of WT and Trpm4 cKO mice were lysed in calcineurin assay buffer (Enzo Life Science) and centrifuged at 20009g. The supernatant was then snap frozen at -70°C. The phosphatase activity assay (BML-AK816) was performed based on the manufacturer's instruction (Enzo Life Science). Calcineurin phosphatase activity was measured spectrophotometrically by detecting free phosphate released from the calcineurin-specific RII phosphopeptide.
Western blot analysis
Proteins from freshly isolated heart of wild-type and Trpm4 cKO mice were lysed in 1 ml ice-cold lysis buffer (100 mmol/L Tris-HCl, 1 mmol/L MgCl 2 , 0.1 mmol/L phenylmethylsulfonyl fluoride [PMSF] [pH 8] and a protease inhibitors cocktail (Proteoguard TM Clontech) using a Polytron homogenizer. Subsequently, 4 ml saccharose buffer (250 mmol/L saccharose, 10 mmol/L Tris-HCl [pH 7.4], 0.1 mmol/L PMSF and protease inhibitor cocktail) was added to the lysate. The obtained homogenates were centrifuged at 30009g for 15 min to remove any remaining large cellular fragments. The supernatants were ultracentrifuged at 200,0009g for 30 min. Pellets containing total membrane fractions were solubilized in a cold saccharose buffer. Protein concentrations were determined by the bicinchoninic acid assay method, using bovine serum albumin (BSA) as a standard. Samples (80 lg) were subjected to SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and subsequently transferred to a polyvinylidene fluoride (PVDF) membrane (Bio-Rad, USA). The respective proteins were detected with purified rabbit polyclonal antibody (Ak578) directed against the amino-terminal end of mouse TRPM4 (27) , isoform-specific mouse monoclonal calcineurin-Aß (sc365612; Santa Cruz Biotechnology) and monoclonal mouse anti-Na ? /K ? ATPase (1: 5000 dilution) (Abcam, UK) antibodies. Immunoreactive complexes were visualized by chemiluminescence, using anti-rabbit IgG (Sigma, USA) or anti-mouse IgG (GE Healthcare) antibodies conjugated to horseradish peroxidase.
Histology
Four mice of each genotype were perfused with saline. Then the hearts were fixed with zinc-based fixative solution (BD Pharmingen, USA). Subsequently, hearts were processed and embedded in paraffin wax. Serial sections were cut to a thickness of 5-7 lm and documented using a Zeiss microscope (Axiovert 40). For Masson's trichrome staining, a commercially available kit (Sigma-Aldrich) was used based on the supplier's instructions. For the analysis of the obtained pictures, ImageJ (NIH, USA) software was used.
Analysis of gene expression
After euthanasia by cervical dislocation, hearts were removed, washed in ice-cold PBS, immediately snap frozen in liquid nitrogen and kept at -80°C until final processing. Total RNA was extracted using the RNeasy Mini Kit (Qiagen), following the manufacturer's protocol. RNA concentration and quality were assessed using the Experion RNA StdSens Analysis Kit (Bio-Rad). For cDNA synthesis, Ready-To-Go You-Prime First-Strand Beads (GE Healthcare) were used based on the supplier's protocol. Generated cDNAs were stored at -20°C. qPCR reactions, composed of cDNA template, Universal TaqMan MasterMix (29 concentrated, Life Technologies), TaqMan assay (209 concentrated, Life Technologies) and H 2 O, were performed with the 7500 Fast Real-Time PCR System (Life Technologies). mPGK1 and mTBP, selected using the geNorm application, were used as endogenous controls.
TaqMan assays used: CACNA1H-Mm00445382_m1, TRPM4-Mm00613173_m1, ACTA1-Mm00808218_g1, ANP-Mm01255748_g1, RCAN1-Mm01213407_m1, MYH7-Mm00600555_m1.
Statistics
All statistical analyses were performed using Prism (Graphpad) or Origin (Microcal, USA) software. Data are expressed as mean ± SEM, unless otherwise specified. Differences between groups were compared by two-sample t test and two-way repeated measurement ANOVA followed by a Tukey post hoc test, unless mentioned otherwise. When assumptions were not valid, non-parametric tests were performed (Mann-Whitney test, Friedman ANOVA). A p value \0.05 was considered to be statistically significant.
